Abstract
Introduction
Bolted joint is one of the most common connection ways in wind turbine. With the development of large-scale wind turbine, the work environment is getting worse, and the design requirement is getting more and more critical correspondingly. They all make the fatigue cracks of joint bolts happen occasionally. In the research of bolt strength, Chen et al. calculated the wind turbine load based on blade element momentum theory and introduced a strength analysis method for hub and blade joint bolt [1] . He et al. has done the contact analysis of bolted joint part between hubs and blade bearing with the help of MCS Marc software [2] . Zhou et al. has tested the tensile strength of blade joint bolt using hydraulic material experimental equipment [3] . Liao et al. has proposed a numerical convergence principle of finite element method for the loading and unloading processes, and has realized the high accuracy calculation of joint bolt stress and load distribution. The prediction of joint bolt fatigue life based on damage mechanical analysis is also put forward [4, 5] . Minguez et al. has studied the influence of torque tightening method on joint bolt fatigue strength. Fatigue crack is one of the common crack ways of tower flange bolt [6] . According to it, Schmidy et al. has get the conclusion that geometric imperfections of certain shapes can greatly increase the value of stress amplitude, which can influence the fatigue life correspondingly [7] .
There are two methods to rectify the fatigue strength of wind turbine joint bolts, one is numerical calculation method based on finite element analysis, which has considered the contact relations between components, elastoplasticity of materials, preload on the bolt etc. The other is the engineering method based on empirical formulas or design formulas. The tower of wind turbine owns plenty of flange bolts, and there are numerous nonlinear factors should be considered in finite element analysis, they all make the overall modeling difficult. Generally we can divide the flange into several sectors based on the number of bolts, then calculate the cumulative damage of most dangerous bolt by studying on the bolt mechanical property of unit sector. The key point of this idea is to build the nonlinear relation between external load and bolt stress. The commonly used engineering algorithms for flange bolt strength rectification are Petersen, VDI2230, Schmidt-Neuper etc. Algorithm Petersen, which is proposed prior to others, Aiming at solving the time series fatigue strength analysis problem for tower flange bolts of 2.0MW direct-driven wind turbine, the fatigue strength algorithm based on Schmidt-Neuper model is proposed in this paper. The cumulative damage distribution of flange bolts on the whole ring is calculated by rain flow counting and accumulated damage calculation. Furthermore the position of the maximum cumulative fatigue damage was found. The rule of influence of bolt preload, the number of bolts and the flange thickness on the maximum cumulative damage is considered as a research focal point.
Bolt Stress Calculation
The object of study in this paper is the joint bolts at the bottom of the tower for a 2.0MW direct-driven wind turbine, and the flange is the L type inner flange. The bolts are mainly effected by the tensile force, which is caused by the pre-load, bending moment etc., rather than shear load. In Schmidt-Neuper algorithm, the bending moment and the normal stress caused by compression impact on the tower's wall. For any sector, the external tensile force occurs on the tower's wall can be expressed by
Where is the external tensile force; is the semi-diameter of the tower, where occurs;
is the bending moment in the flange's cross section; is the number of bolts in the flange ring;
is the axial force of the tower. Decompose the bending moment into its horizontal and vertical components and . Where  is the intersection angle of the direction of positive x axis and any direction on the cross section of the tower.
The stiffness of bolt, flange and spacer can be expressed respectively by
Where is the stiffness of bolt; is the elastic modulus of the bolt's material; is the area of bolt cross section with the pitch diameter; is the length of the bolt; is the stiffness of flange; is the thickness of flange; is the major diameters of the spacer; is the minor diameters of the spacer; is the stiffness of spacer; is the thickness of the spacer. In the Schmidt-Neuper algorithm, the bolted joint is regarded as the spring-like interconnection. The flange and spacer are considered as series connection, and their composite equivalent stiffness can be expressed by
The flange spacer and the bolt can be considered as parallel connection, and their composite equivalent stiffness is 
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The stiffness proportions of the components are
Where is the stiffness proportion of the bolt; is the stiffness proportion of the set of spacer and flange.
Where is the minimum distance between the bolt's center position and the inner diameter of flange, and is the minimum distance between the bolt's center position and the center position of tower's thin wall.
Suppose the preload of the bolt is . Based on Schmidt-Neuper algorithm, the piecewise equation is
The relation between the bolt internal force and the external tensile force can be depicted into the following piecewise expression 
The stress of the bolt cross section is expressed by
Where is the stress area of bolt.
Research Method

Design and Technical Parameters
The tower's flange is fastened by high-strength 10.9 grade forged bolt, whose surface is processed by Dacromet coating. The industrial fabrication uses the engineering drawing, twisting method and so on. The choice of bolt preload is related to the factors of bolt's grade, the roughness of the bolts' contiguous surfaces, the usage of lubricant and so on. To ensure the precision of the bolt's preload, the tightening of a bolt follows a predefined sequence of moments. The initial moment is 50% of the final moment, and the second one is 80% of the final one. The tightening of the first and the final times must be completed in one day diagonally. According to the GL 2010 standard [8] [9] [10] , the bolt's material must meet the demand of S-N curve, which is defined by Eurcode3. The S-N curve is composed of two lines with indices of 3 and 5, and the corresponding value of the y-axis at the inflection point is 5×10 6 . As in Table 1 , where smax F is the maximum internal force of the bolt under limit load; 0.2min F is the internal force when the bolt is with 0.2% elastic strain. In [11] , the standards VDI2230, Eurcode3 and their bolt fatigue experimental data are compared, where DC is set to 36 under conservative design principle. 
The choice of safety factors of the components and materials are also conservative, which are shown in Table 2 . 
Numerical Analysis Result
The research object in this paper is M39 bolt, whose parameters are defined in international standard GB/T 16823.1-1997. The stress area of M39 bolt is 976 mm2. The diameter of the bolt hole is 42 mm, and the number of bolts in the whole ring is 100. The According to GL2010 standard [9] , the loads at the center of flange cross section under 70 kinds of operating conditions can be calculated by Focus software. The time series external tensile force Z can be computed from formula (1) . To obtain the cumulative damage distribution for all the bolts in the whole ring, the fatigue damage is calculated every 15°. Based on the nonlinear relation in Figure 2 , the values of time series stresses are first obtained using linear interpolation, then the cumulative damage of bolts is calculated based on rain flow counting and Minzer method. The bolt cumulative damage distribution respect to different angles is shown in Figure 3 [10, 11] . 
The Influence of Preload on Fatigue Strength
To study the influence of bolt preload on maximum cumulative damage, different preloads are loaded according to different proportion of maximum preload bolt can bear. In this research the proportion of preload force increased by 5% from 50% to 90% and only the maximum cumulative damage is considered. The maximum cumulative damages for different bolt preloads are listed in Table 3 . To illustrate the results, the stress value for curve with different preload of bolts are shown in Table 4 . 
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In Table 4 , the maximum cumulative damage is decreased with increasing preload of bolt. This means that the fatigue strength of bolt is improved when the preload is increased suitably. When the value of bolt's preload is relatively larger, e.g. the preload is 90% of the strength bolt can withstand, the maximum stress is larger. Considering the requirement of yield strength and safety factor of material, design of bolt preload should be limited by the maximum strength. In Table 3 , the proportions of the preloads are 85% and 90% of the value of maximum cumulative damage. This is because the maximum time series stress is in the range of values corresponding to 1 Z  . In those two situations, the curves of nonlinear relation between tensile force and bolt stress, as shown in Figure 2 , are parallel. Since the range of stress isn't changed, the value of fatigue damage keeps same. When the value of bolt's preload is too small, the range of the bolt's time series maximum stress is expanded, and even exceeds the range of stress values corresponding to 1 Z  . It leads to the increasing of fatigue damage. In the industry, a regular loosening detection of bolt has a great significance.
The Influence of Number of Bolts on Fatigue Strength
To study the influence of different numbers of bolts on the maximum cumulative damage, the systems with different numbers of bolts are researched. In this research bolts are increased with 20, and only the maximum cumulative damage is considered. The maximum cumulative damages with different numbers of bolts are listed in Table 5 . From Table 5 , we can know that the range of bolt stress extremum values is shrunk with the increasing of bolt's number, and the maximum cumulative damage is also reduced correspondingly. The reciprocal of maximum cumulative damage is defined as fatigue safety coefficient, so the relation between the bolt's number and safety coefficient can be described in Figure 5 . It is clear from Figure 5 , the fatigue safety coefficient is greatly decreased with the decreasing of bolt's number. From (1), the external tensile force Z is inversely proportional to the number of bolts n, and the magnitude of tensile force is inversely proportional to n. When the number is reduced, the range of bolt stress is expanded, even exceeds the range of stress 
The Influence of Thickness of Flange on Fatigue Strength
The influences of thickness of flange on fatigue strength are in two aspects. One aspect is proportion of bolt load; the other aspect is the nonlinear relationship between bolt load and external tensile force. The nonlinear relationship with different thickness of flange is shown in Figure 6 . When the thickness of flange is increased, inflection point z 1 changes little, inflection point z 2 goes down. Figure 6 . Non-linear relationship between tensile force and bolt stress
To study the influence of thickness of flange on maximum cumulative damage, different thicknesses of flange are considered. In this research the thickness of flange is increased by 20mm from 50mm to 170mm and only the maximum cumulative damage is considered. The fatigue analysis results with different flange thickness are shown in Table 6 . Because the influences of thickness of flange on fatigue strength are in two aspects, the relationship between maximum cumulative damage and thickness of flange is nonlinear. From Table 6 , with decreasing thickness of flange, proportion k is increasing and maximum cumulative damage is also increasing. The thickness of flange does not only influence the fatigue strength of bolt, but also influence the limit and fatigue strength of the flange itself. This paper only discusses the influence of thickness of flange on fatigue strength of bolt.
Conclusion
This paper studies the analysis method of bolt fatigue strength for tower bolts of the large-scale horizontal axis wind turbines. For a certain 2.0 MW direct-driven tower bolts of the horizontal axis wind turbine, based on Schmidt-Neuper model, according to the stiffness distribution ratio of the single fan flange system, a nonlinear relationship between bolt load and external pull was established. Through the linear interpolation of the load, the timing stresses of 186 the bolts were obtained. The distribution of the cumulative damage of bolts on the whole ring was calculated based on rain flow counting and accumulated damage calculation. Furthermore the position of the maximum fatigue cumulative damage was found. The effect of some parameters such as bolt preload, number of bolts and flange thickness to the maximum fatigue cumulative damage was analyzed. The results showed that the method and procedure presented in the paper was feasible and effective in the fatigue strength analysis for tower bolts.
